Glycation reaction (nonenzymatic glycosylation; Maillard reaction), which produces brown fluorescent compounds, is a chance event that may occur when a protein is in solution with a reducing sugar, such as glucose. In this reaction, free amino groups of protein react slowly with the carbonyl groups of reducing sugars to yield Schiff-base intermediates, which undergo Amadori rearrangement to stable ketoamine derivatives (1). These Amadori products subsequently degrade into ␣-dicarbonyl compounds, deoxyglucosones (2). Schiff bases can also be fragmented to glyoxal (3). These compounds are more reactive than the parent sugars with respect to their ability to react with amino groups of proteins. Thus, the ␣-dicarbonyl compounds or ␣-ketoaldehydes are mainly responsible for forming inter-and intramolecular cross-links of proteins, known as advanced glycation end products (AGEs) 1 (1). The AGEs, which are irreversibly formed, accumulate with aging, atherosclerosis, and diabetes mellitus, especially associated with long-lived proteins such as collagens, lens crystallins, and nerve proteins (4 -8).
Glycation reaction (nonenzymatic glycosylation; Maillard reaction), which produces brown fluorescent compounds, is a chance event that may occur when a protein is in solution with a reducing sugar, such as glucose. In this reaction, free amino groups of protein react slowly with the carbonyl groups of reducing sugars to yield Schiff-base intermediates, which undergo Amadori rearrangement to stable ketoamine derivatives (1) . These Amadori products subsequently degrade into ␣-dicarbonyl compounds, deoxyglucosones (2) . Schiff bases can also be fragmented to glyoxal (3) . These compounds are more reactive than the parent sugars with respect to their ability to react with amino groups of proteins. Thus, the ␣-dicarbonyl compounds or ␣-ketoaldehydes are mainly responsible for forming inter-and intramolecular cross-links of proteins, known as advanced glycation end products (AGEs) 1 (1) . The AGEs, which are irreversibly formed, accumulate with aging, atherosclerosis, and diabetes mellitus, especially associated with long-lived proteins such as collagens, lens crystallins, and nerve proteins (4 -8) .
The ␣-dicarbonyl compounds are produced in a variety of ways. Fenton reaction-mediated oxidation of sugars, lipids, and proteins produces various ␣-dicarbonyl compounds. Accordingly, the transition metal ion-catalyzed oxidation of glucose is suggested to be a more important factor in glycation than the formation of the Amadori product of glucose itself (9 -11) . The ␣-ketoaldehydes, such as methylglyoxal, are also found as a normal metabolite in mammals and microorganisms. The methylglyoxal is formed by the non-enzymatic or enzymatic elimination of phosphate from triose phosphate and by the oxidation of hydroxyacetone and aminoacetone (12) (13) (14) . The increased formation of methylglyoxal was observed in hyperglycemia associated with diabetes mellitus (15, 16) . In addition, it was shown that methylglyoxal-modified albumin underwent receptor-mediated endocytosis by macrophage, which may suggest the involvement of methylglyoxal in pathophysiology (17) . Also, it was suggested that cellular oxidant stress or free radicals are generated by AGEs themselves (18, 19) or as a consequence of the AGEs interaction with their receptors (20, 21) .
Several AGEs were identified from the products formed during the reaction of methylglyoxal with model compounds and proteins. These species include N ⑀ -(carboxyethyl)lysine (22) , imidazolone compounds (23) , and imidazolium cross-link species, methylglyoxal-lysine dimer (24 -26) . In addition to these AGEs, several investigations have also shown by electron paramagnetic resonance (EPR) spectroscopy that unidentified protein free radicals were produced during the reaction of methylglyoxal with proteins, such as bovine serum albumin (BSA) and casein (27, 28) . In our previous report (29) , the free radical was assigned to be the radical cation of the cross-linked Schiff base on the basis of the detailed analysis of EPR spectra observed from the reaction mixture containing methylglyoxal and alanine. We also suggested that the cation radical sites in the cross-linked proteins could serve as reactive centers for oneelectron oxidation-reduction with appropriate substrates. These reactions will produce free radicals for a long duration and contribute to accelerating oxidative modification of the biological macromolecules (29) .
In this report, we use methylglyoxal-modified bovine serum albumin (MG-BSA) as a model protein to study the free radical generating properties of glycated proteins and their capacity to catalyze oxidative modifications of macromolecules. The results provide supporting evidence for the suggestion derived from our previous study on the free radical generation during the glycation reaction of amino acids by methylglyoxal (29) .
EXPERIMENTAL PROCEDURES
Materials-The following materials were obtained from Sigma:
-acetyl-L-arginine, BSA, Cu,Zn-superoxide dismutase from bovine erythrocyte, catalase from bovine liver, and cytochrome c from bovine heart. Ascorbic acid was purchased from Merck. Commercially supplied BSA was purified by gel filtration chromatography on a column of Superdex 200 HR10/30 (10 ϫ 300 mm; V o : 8.2 ml; Amersham Pharmacia Biotech). The eluent was 20 mM sodium phosphate buffer (pH 7.4) containing 0.15 M sodium chloride, and the flow rate was 0.4 ml/min. The eluted sample was desalted and lyophilized to dryness. The catalase was also purified by gel filtration chromatography (GFC) to remove contaminating superoxide dismutase. Commercial catalase dissolved in Tris glycine buffer (pH 8.0) containing 1 mM EDTA and 0.3 M NaCl was fractionated using the same column. The buffers used for the reaction of BSA with methylglyoxal were treated with Chelex 100 resin (Bio-Rad) to remove traces of transition metal ions.
Modification of BSA with Methylglyoxal-BSA was reacted with methylglyoxal in 0.1 M phosphate buffer (pH 7.4). Unless otherwise indicated, the concentrations of BSA and methylglyoxal were 20 mg/ml (0.3 mM) and 30 mM, respectively. After modification, samples were repeatedly filtered though PM-10 ultrafiltration membrane (Amicon) using 20 mM phosphate buffer (pH 7.4) and further desalted with Fast Desalting Column H10/10 (Amersham Pharmacia Biotech).
Characterization of Modified Protein-The effect of methylglyoxal modification on the net charge, adduct formation, and oligomerization of BSA was investigated by polyacrylamide gel electrophoresis (PAGE) with/without urea, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), isoelectric focusing, cation exchange chromatography, and gel filtration chromatography. PAGE was performed on 9% polyacrylamide gel with or without 6 M urea, and SDS-PAGE was on 5-20% linear gradient polyacrylamide gel. Isoelectric focusing was carried out at 4°C under constant power of 7 watts, using a polyacrylamide gel (5% T, 3% C) containing 2% Bio-Lyte (Bio-Rad), 5% glycerol, and 6 M urea at a pH range between 3.8 and 9.4. GFC was performed using a Superdex 200 HR10/30 on fast protein liquid chromatography system (Amersham Pharmacia Biotech) with 20 mM phosphate buffer (pH 7.4) containing 0.15 M NaCl as eluent. In ion exchange chromatography, a Protein Pak SP 5PW column (Waters) was used on a Waters Delta Prep 4000 system. The mobile phase was 50 mM acetate buffer (pH 4.5) at a flow rate of 5 ml/min. Proteins were eluted isocratically for 15 min, and then the eluent was shifted linearly to 50 mM acetate buffer containing 1 M NaCl for 10 min. Degradation of Ascorbate by MG-BSA-Ascorbate was incubated with MG-BSA in 20 mM phosphate buffer (pH 7.4) at 30°C. The concentration of the unreacted ascorbate in the reaction mixture was determined by the high performance liquid chromatography. An aliquot of the sample solution was loaded onto an ODS Hypersil column (4.6 ϫ 100 mm) (Hewlett-Packard) in a Waters HPLC 600S equipped with a Hewlett-Packard 1100 UV detector. Mobile phase was 0.04% trifluoroacetic acid, and the eluent was monitored at 254 nm.
EPR Spectroscopy-EPR spectra were recorded on a Bruker ESP 300S EPR spectrometer. For some analysis, samples were frozen at 77 K using liquid nitrogen. The operating conditions were as follows: microwave frequency, 9.44 GHz; microwave power, 10 milliwatts; sweep width, 100 G; conversion, 40.96 ms. Modulation amplitude was set to 4.00 G at 77 K or 1.47 G at room temperature.
RESULTS
Modification of BSA by Methylglyoxal-BSA was incubated with methylglyoxal in 0.1 M Chelex-treated phosphate buffer (pH 7.4) at 37°C for 5 days. Further incubation had little effect on the modification of BSA as indicated by PAGE analysis. The native PAGE of the reaction products (shown in Fig. 1A ) demonstrated that the electrophoretic mobility of MG-BSA increases with increasing concentration of methylglyoxal used for the glycation. This result indicates the progressive loss of the positive charge in the MG-BSA during the glycation reaction. When a high concentration of methylglyoxal (30 mM or higher) was used for glycation, additional bands appeared with lower electrophoretic mobility. The species with lower mobility may represent the higher aggregates of MG-BSA. At 600 mM methylglyoxal, the aggregate formed precipitates (lane 8 in Fig. 1A ). The result obtained from the denaturing PAGE (6 M urea; data not shown) also supports this conclusion. The identical results were also obtained with the reaction products prepared anaerobically. Isoelectric focusing revealed similar results, suggesting that glycation of BSA by methylglyoxal introduced net negative charges into MG-BSA adducts, although at a higher concentration of methylglyoxal (30 mM or higher) some species possessing net positive charges were also formed (data not shown). In accordance with the above observation, the SDS-PAGE data (Fig. 1B) indicate the presence of additional protein bands for samples obtained with higher concentration of methylglyoxal at the positions corresponding to the molecular mass of the dimer and tetramer of BSA. Chromatographic analysis also gave similar results. Cation exchange chromatography showed that, as BSA incubation with methylglyoxal proceeded, its net charge becomes more negative. Gel filtration chromatographic analysis of MG-BSA gave peaks that correspond to the dimer and tetramer. The basic lysines and arginines are known to be the residues modified and responsible for forming Schiff bases for intra-and intermolecular cross-links during the gly- cation reaction. Thus, the net charges of MG-BSA adducts may be shifted to more negative values.
Previous investigations of the reaction of methylglyoxal with protein suggested that, in addition to the modification of protein, the treatment of methylglyoxal fragmented the protein (17) . In contrast, we did not detect any protein fragments during the modification of BSA by methylglyoxal. The difference may have arisen from the fact that we treated all the solutions with Chelex resin to remove traces of transition metal ions, such as iron and copper, known to cleave protein in the presence of oxygen. Thus, the characteristics of the glycated protein observed in this study are caused mostly by the covalent binding of the methylglyoxal with few effects from protein fragmentation or reaction products of the fragments.
Cross-linking Residues and Free Radical Formation-We examined the residues responsible for cross-linking by investigating various N ␣ -substituted amino acids for their ability to undergo the glycation reaction and form the cross-linked radical cation. The EPR spectrum shown in Fig. 2A was obtained from the reaction mixture containing 0.2 M N ␣ -acetyl-L-lysine and 0.2 M methylglyoxal in carbonate buffer at pH 9.5. This spectrum was compared with the previously reported spectrum (Fig. 2B) obtained from alanine-methylglyoxal system, which was identified as the radical cation of the cross-linked Schiff base, the methylglyoxal dialkylimine radical cation (29) . Although the hyperfine structure in Fig. 2A is different from that in Fig. 2B , there is little doubt that the chemical structures of these radicals are similar to the radical cations of the crosslinked Schiff base. Thus, ⑀-amino groups of two N ␣ -acetyl-Llysines form a cross-linked Schiff base with a methylglyoxal, which lose one electron to form the cross-linked radical cation. With other N ␣ -blocked amino acids, including N ␣ -acetyl-L-arginine, no detectable EPR signal was observed (Fig. 2C ). This result is in agreement with previous reports showing that N ␣ -acetyl-L-arginine did not produce a Schiff base (23, 30) . Methylglyoxal is also known to react with arginine and cysteine residues in proteins, yielding stable imidazolone and hemithioacetal compounds, respectively (23) . Several investigators have shown, however, that lysine residues are the main cross-linking sites in MG-treated proteins by forming imidazolium cross-links between two lysines (24 -26) . These observations together with our results showing that the cross-linked radical cations were detected only with N ␣ -acetyl-L-lysines suggest that the lysine residues are likely the main cross-linking sites for forming protein free radicals in MG-BSA adducts.
Effect of Oxidizing Ferricytochrome c on the Protein Free Radical-The treatment of BSA with methylglyoxal produced free radical sites on the protein as shown in Fig. 3 . The EPR spectra were obtained at 77 K with filtered and desalted MG-BSA to remove unreacted methylglyoxal. It gave a single broad EPR line at a g value of 2.006 (Fig. 3A) . However, the untreated BSA did not give any EPR absorption (Fig. 3B) . Addition of ferricytochrome c to the MG-BSA sample caused a large increase in the amplitude of the EPR signal (Fig. 3C) , indicating an additional production of the protein free radicals. This increase in EPR signal is derived from the interaction between ferricytochrome c and glycated BSA because with the untreated BSA one failed to observe such signal (Fig. 3D) . This additional production of the protein free radicals was accompanied by the reduction of ferricytochrome c. Fig. 4 shows the time course of this reduction from ferri-to ferrocytochrome c by glycated protein monitored at 550 nm. The rate of the reduction depends on the degree of BSA glycation. This reduction, however, did not require oxygen, and it was not affected by the addition of a chelating agent, DTPA. These results together suggest that ferricytochrome c receives one electron directly from the species of glycated BSA, most likely the cross-linked Schiff bases, to produce the radical cation of the cross-linked Schiff bases in the protein according to Reaction 1. products, which may contain intra-and intermolecular crosslinked protein as well as partially glycated products with one free carbonyl group. We examined the possibility that this free carbonyl group of MG-BSA reacts with cytochrome c to form cross-links. After incubation of 0.4 mM (5 mg/ml) cytochrome c with 25 mg/ml (0.4 mM BSA) MG-BSA (in the absence of free methylglyoxal) at 37°C, small aliquots of the reaction mixture were analyzed with time by GFC using Superdex 200 HR10/30 (Fig. 5A) . Similar chromatograms were obtained in the absence (Fig. 5Aa) or presence (Figs. 5, Ab and Ac) of cytochrome c with the exception of fraction 3, which corresponds to free cytochrome c. The concentration of free cytochrome c decreased with increasing incubation time. MG-BSA obtained in the absence of cytochrome c (fraction 2 in panel Aa) has an absorption maximum at 278 nm with a prominent shoulder centered at 330 nm (Fig. 5B) as observed in our previous study with alanine (29) . However, fraction 2 obtained from the reaction mixture of MG-BSA and cytochrome c (Fig. 5 , Ab and Ac) gave an additional absorption peak, the distinct Soret band of cytochrome c at 415 nm (Fig. 5B) . The fractions corresponding to BSA oligomers (t R , 14 -20, fraction 1 in Fig. 5Ab ) also gave similar results. This absorbance at the Soret band increased with the incubation time, whereas the concentration of free cytochrome c (t R , 28, fraction 3) decreased. These results indicate that cytochrome c cross-linked to MG-BSA. Moreover, the ferricytochrome c in the cross-linked protein was reduced to ferrocytochrome c by the addition of dithionite (Fig. 5C ), indicating that the cross-linked cytochrome c maintains its oxidation-reduction properties. Fig. 6 shows the time courses of cytochrome c reduction, protein free radical generation, and the formation of cytochrome c-MG-BSA cross-links. MG-BSA (25 mg/ml) was mixed with 0.4 mM cytochrome c. At the indicated times, aliquots of the reaction mixture were removed to measure the reduction of cytochrome c at 550 nm (curve a), the concentration of the protein free radical from the EPR signal amplitude (curve b), and the remaining concentration of free cytochrome c by GFC (curve c). The formation of the protein free radical and the reduction of ferricytochrome c took place at a very fast rate, whereas the concentration of the free cytochrome c decreased very slowly. Approximately 0.25 mM cytochrome c was reduced according to the absorbance change at 550 nm (⑀ 550 ϭ 28 mM Ϫ1 cm Ϫ1 ). During this reduction, EPR amplitude increased about 4-fold maximally. These results indicate that this sample contained 0.08 mM protein free radicals and 0.25 mM redox active centers which were oxidized by ferricytochrome c to form the protein free radicals, probably by the Reaction 1.
It is not clear why a large portion (ϳ60%) of the cytochrome c cross-linked to the MG-BSA found to be in the oxidized state (Fig. 5C) . At 20 h of incubation of MG-BSA with 0.4 mM cytochrome c (Fig. 6 ), approximately 0.1 mM cytochrome c remained in the oxidized state, and about 30% of cytochrome c (0.12 mM) was covalently bound to MG-BSA. Among the 0.12 mM boundcytochrome c, 0.07 mM (ϳ60%) was in the oxidized state which can be reduced by dithionites (Fig. 5C) . These results together indicate that most of the oxidized cytochrome c that remained in the sample after 20 h of incubation (0.1 mM) was bound to the MG-BSA as MG-BSA-cytochrome c (III) adducts (0.07 mM). We do not have any explanation for this observation at this time. However, this observation may suggest that the reduction of the cytochrome c is not catalytic unless reducing agents are supplied.
Effect of Reducing Ascorbate on the Protein Free RadicalThe effect of the reducing agent ascorbate on the protein free radical of MG-BSA is shown in Fig. 7 . Addition of ascorbate to MG-BSA, which originally displayed spectrum A, quenched the EPR signal as shown in spectrum B. This result indicates that ascorbate reduces the protein-radical cation of MG-BSA to the non-radical species. This reduction of radical cation was accompanied by the degradation of ascorbate (Fig. 8) . Under anaerobic conditions, a small portion of incubated ascorbate was consumed, which reached a plateau with time when 0.1 mM ascorbate was consumed (Fig. 8A) . The controlled experiments showed that unmodified BSA failed to degrade ascorbate, and metal chelator, DTPA, had no inhibitory effect on the ascorbate degradation (data not shown). The latter experiment indicates that adventitious metal ions were not the cause of the observed ascorbate consumption. These results suggest that the ascorbate was directly oxidized by the protein free radical cation in MG-BSA according to Reaction 2, and the concentration of the protein free radical cation in MG-BSA used in this experiment is approximately 0.1 mM.
In the presence of oxygen, however, the oxidation of ascorbate continued to reach far beyond 1 molar ratio of the degraded ascorbate to MG-BSA (Fig. 8A) . The degradation of ascorbate increased with increasing MG-BSA concentration (Fig. 8B) . The initial rates obtained from these degradation data showed that the oxidation of ascorbate proceeded linearly with respect to the MG-BSA concentration. The straight line obtained from the concentration-dependent plot (data not shown), however, intercepts at 0.02 mM/h, indicating that the initial rate observed for the ascorbate degradation contained a small MG-BSA independent term. Fig. 8C shows the oxidation of ascorbate as a function of time obtained by using various concentrations of ascorbate and a fixed concentration of MG-BSA (7 mg/ml; 0.1 mM BSA). The initial rates of the ascorbate oxidation determined from the degradation curves increased as a saturation function with respect to the ascorbate concentration. The double-reciprocal plot of the initial rates (shown in the inset) yielded a K m of 1 mM for ascorbate and a k cat of 3.3/h if the MG-BSA used contained 0.1 mM protein free radical cation as determined from Fig. 8A . Furthermore, superoxide dismutase, but not catalase, exerts partial inhibition on the degradation of ascorbate (approximately 20% inhibition by 0.4 M Cu,Zn-superoxide dismutase in the reaction between 0.4 mM ascorbate and 2 mg/ml MG-BSA at pH 7.4). The fact that this inhibition is only partial indicates that O 2 , but not O 2 . , is directly involved in this catalytic reaction. The partial inhibition, however, suggests that superoxide radical anions are produced during this reaction, and they play a role in ascorbate degradation, probably via the superoxidescavenging reaction by ascorbate (31) (32) (33) (34) . Together these results indicate that MG-BSA behaves as an enzyme, which has an ability to catalyze the oxidation of ascorbate in the presence of oxygen to produce superoxide radical anion and semi-dehydroascorbate radical. This reaction is initiated by the proteinradical cation of MG-BSA.
DISCUSSION
Free amino groups in protein react with the carbonyl groups of reducing sugars or ␣-ketoaldehyde, which has been implicated as the onset of glycation. Previous investigations have shown that free radicals were produced in the reaction of methylglyoxal with proteins (27, 28) . We also detected protein free radical from the reaction between methylglyoxal and BSA (Fig.  3) . The results obtained in this study are summarized in the reaction scheme shown in Fig. 9 . The structure of the free radical of the MG-BSA is most likely to be the radical cation of the cross-linked Schiff base (Fig. 9, species D) on the basis of our previous results obtained with alanine as a model system (29) . When methylglyoxal was reacted with various N ␣ -acetyl substituted amino acids, the free radical signal was observed only with N ␣ -acetyl-L-lysine (Fig. 2) . In addition, previous investigations have shown that lysine residues are the main cross-linking sites in MG-treated proteins (24 -26) . These results together suggest that methylglyoxal cross-links inter-or intramolecular lysine residues of the protein to form crosslinked Schiff bases (Fig. 1, oligomer formation; Fig. 9, species A  and B) . This cross-linked Schiff base of MG-BSA can donate an electron to methylglyoxal to produce the radical cation of the cross-linked Schiff base as we have described previously (29) . During these processes, the Schiff bases or the protein free At the indicated times, aliquots of the reaction mixture were removed and analyzed as follows: a, (q), the absorbance at 550 nm was determined. The absorbance values were calculated based on the dilution factor. b, (E), the aliquots were frozen to 77 K, and the relative intensity of radical signal was measured by EPR spectroscopy. The data are presented as fractional change in observed signal. c, (Ⅺ), the aliquots were analyzed by GFC to measure the concentration of free cytochrome c not bound to MG-BSA using the peak area on the chromatogram. The eluent was monitored at 280 nm. The data are presented as a fraction of unbound cytochrome c.
FIG. 7. Effect of ascorbate on the EPR spectrum of MG-BSA.
The mixture containing methylglyoxal (30 mM) and BSA (20 mg/ml, 0.3 mM) in 0.1 M phosphate buffer (pH 7.4) was incubated for 5 days at 37°C. The reaction product was filtered, washed, and desalted as described under "Experimental Procedures." The resultant samples of MG-BSA did not contain unreacted free methylglyoxal. The EPR spectra were obtained with frozen samples at 77 K. A, 150 mg/ml MG-BSA; B, mixture of 150 mg/ml MG-BSA with 2 mM ascorbate. The EPR sample was frozen in 1 min with liquid nitrogen after adding ascorbate to the MG-BSA solution; C, 2 mM ascorbate alone. radicals may be oxidized to form N ⑀ -(carboxyethyl)lysine (22) or matured to imidazolium cross-links (24 -26) and other products such as imidazolysine (23) .
The formation of the protein free radical cation from the cross-linked Schiff base, or vice versa, depends on the electron affinity of the interacting species. Thus, in the presence of ferricytochrome c which has a high electron affinity, the crosslinked Schiff base of MG-BSA will lose an electron to cytochrome c to produce additional radical cations of the crosslinked Schiff base and ferrocytochrome c (see Figs. 3, 4 , and 9 and Reaction 1). In the presence of electron-donating ascorbate, however, the radical cation of the cross-linked Schiff base accepts an electron from ascorbate to produce the cross-linked Schiff base and semi-dehydroascorbate radical (see Figs. 7, 8 , and 9 and Reaction 2). These reactions can proceed even in the absence of oxygen. Moreover, in the presence of oxygen (Fig. 8) , MG-BSA behaves as an enzyme, which is capable of catalyzing the oxidation of ascorbate (K m ϭ 1 mM). We do not know at this time the exact mechanism for this catalytic reaction. However, the reaction catalyzed by MG-BSA in the presence of oxygen is similar to the transition metal ion-catalyzed oxidation of ascorbate (35) . In a transition metal ion-catalyzed oxidation system such as Fe 3ϩ /ascorbate/O 2 , the reaction is initiated via the one-electron reduction of Fe 3ϩ by ascorbate, whereas in the MG-BSA/ascorbate/O 2 system, it is initiated via the one-electron reduction of the protein free radical cation by ascorbate. In both reactions, superoxide radical anions are generated by the oxidation of ascorbate. A mechanism proposed for the transition metal ion-catalyzed oxidation of ascorbate in the presence of oxygen is shown in Reactions 3 and 4 as follows (34 In the reaction with the glycated protein, the cross-linked radical cation may function as the transition metal ion M nϩ in Reaction 3. Reactions 3 and 4 may explain the partial inhibition of ascorbate degradation observed from the reaction mixture containing superoxide dismutase.
In essence, the cross-linked Schiff base/its radical cation of glycated proteins behave as an active site of an enzyme for the one-electron oxidation-reduction reactions. In addition, long term incubation of cytochrome c with MG-BSA produces crosslinks between cytochrome c and MG-BSA, probably through the reaction between free carbonyl groups of MG-BSA and amino groups of cytochrome c (Figs. 5, 6, and 9, species C) . The cross-linked cytochrome c maintains its oxidation-reduction properties (Fig. 5C) .
The AGEs formed in vivo are heterogeneous species, which may have a variety of chemical structures. There is no direct evidence so far that the MG-BSA radical cation or similar radical species are formed in vivo. We showed, however, in this model study that one type of reactive structure (a cross-linked Schiff base/the radical cation of the Schiff base) has the enzyme-like characteristic for catalyzing the one-electron oxidation-reduction reaction yielding free radicals including superoxide radical anions. Similar types of reactive centers, if formed in vivo, may exert significant effects on their biological environment by generating free radicals for a long duration.
